RESULTS

110
Sequential infections allow studies of Salmonella cooperation at the single cell level 111 112 We carried out a microscopy-based double infection assay to explore possible links between 113 host cell vulnerability and successive bacterial infections of epithelial cells (Fig.1) . HeLa cells 114 grown in 96-well plates were subjected to a first infection with green S. Typhimurium 115 expressing the fluorescent protein GFP (SLGFP) for 30 min followed by elimination of the 116 extracellular bacteria via gentamicin treatment and washing. The cells were then incubated 117 for 1, 2 or 3 h before being subjected to a second wave of infection with red S. Typhimurium 118 expressing the fluorescent protein dsRed (SLdsRed). Extracellular bacteria were again 119 eliminated in the same way, and the host cells were stained with CellMask and DAPI before 120 automated image acquisition of the entire culture wells (Fig.1A) . The obtained images were 121
analyzed with CellProfiler, a widely used image analysis software (16), (17) (Fig.1B) . The 122 differently labeled bacteria and the stained host cells enabled us to distinguish and quantify 123 distinct cellular populations: those cells infected during the 1 st infection (I1) or not (noI1), those 124 infected during the 2 nd infection (I2) or not (noI2), as well as the associated subpopulations 125 (I1&I2, noI1&noI2, I1&noI2 and noI1&I2) (Fig.1C) . We based our analysis on comparing the 126 probabilities of infection in these subpopulations. 127
128
Salmonella cooperates for entry at ruffles 129 130
In order to test the reliability of our method, we analyzed first if we could detect the ruffle-131 dependent cooperation between individual salmonellae during host cell entry, previously 132 observed in infected HeLa and MDCK cells (4), (12). To do this we determined first the time 133 window during which ruffle-associated cooperation could potentially occur by performing 134 time-lapse microscopy of Salmonella infection of HeLa cells transiently expressing GFP-135 tagged actin (Fig. 1D) . Time series of 90 min at 3 min intervals provided image sequences 136 with forming and disappearing ruffles. In most of the cases, we observed the uptake of one to 137 two bacteria per ruffle, and we saw ruffle disappearance in less than 15 min (Movie.S1). We 138 noticed that the more bacteria were engulfed by the ruffles, the longer we could detect the 139 presence of these ruffles. Therefore, newly arriving bacteria prompted additional growth of 140 the ruffles (Movie.S2). We quantified the ruffle lifetime by measuring the delay of their 141 disappearance after the entry of the last bacterium. The few cases of very high infection (>5 142 bacteria/ruffle) that could not be properly analyzed were excluded. Quantification revealed an 143 average ruffle lifetime of 13 min and that 90% of the ruffles completely disappeared after 24 144 min (Fig.1D) . Labeling Caco-2 cells with the membrane dye FM 4-64, we observed that the 145 ruffle lifetime for infected Caco-2 cells were similar to infected HeLa cells. 146
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We then challenged HeLa and Caco-2 cells with SLGFP and SLdsRed at the same time and 148 compared the probability for SLdsRed to infect the same cell containing simultaneously SLGFP 149 with those that did not contain SLGFP ( Fig.1E;F The probability of SLdsRed infection was significantly higher in a cell infected by SLGFP than in 151 a cell not infected by SLGFP, both for HeLa (Fig.1E ) and Caco-2 (Fig.1F) cells. The repartition 152 of the different populations of infected cells shows a much larger overlap between the cells 153 co-infected with SLGFP and SLdsRed than one would anticipate theoretically for two 154 independent infections (Fig.1G) . Thus, the efficiency of Salmonella invasion of an individual 155 epithelial cell depends on the concomitant invasion of the same cell by other salmonellae. 156
Interestingly, increasing the multiplicity of infection (MOI) in HeLa cells (Fig.1E ) resulted in a 157 significant increase of the SLdsRed infection in cells infected by SLGFP, but not in cells not 158 infected by SLGFP. This result confirmed that the direct effect of an MOI increase is a higher 159 number of bacteria that infect certain cells rather than an increase in the overall number of 160 cells that become infected. In addition to the previously reported Salmonella cooperative 161 entry in HeLa and MDCK cells (4), (12), we showed here that this cooperation also takes 162 place in Caco-2 cells, suggesting that this phenomenon is universal during Salmonella entry 163 in epithelial cells. Taken together, these results validated that our system was operational. 164
165
The probability of being re-infected by Salmonella is higher for already-infected cells, 166 even after the disappearance of the entry ruffles 167 168
To study long-term and ruffle-unrelated cooperative events of Salmonella co-infections, we 169 set up the sequential infections with a delay of 1 h between the two infection waves, killing 170 extracellular bacteria in between through gentamicin treatment. Scanning our time-lapse 171 movies, we were ensured that this time lag led to the complete disappearance of any 172 remaining entry ruffles from the first infection. In addition, we extended the delay between the 173 two sequential infections to 2 h and 3 h (see Fig.1A) . We compared the different populations 174 of cells infected during the 2 nd infection (population I2), depending on whether they were 175 already infected during the first wave of infection (population I2 | I1) or not (population I2 | noI1) 176
for HeLa ( Fig.2A) and Caco-2 (Fig.2B ) cells. For both tested cell types, it was significantly 177 more probable for a cell infected the 1 st time to be re-infected the 2 nd time compared to a cell 178 not previously infected. We propose that such cells are somehow more vulnerable for future 179 infection. 180
181
During all sequential infection experiments we also controlled the overall infection efficiencies 182 of SLGFP and SLdsRed at all measured time points (1 st : SLGFP -2 nd : SLdsRed or in the reverse 183 order) (Fig.S1) We defined a "vulnerability score" as the conditional probability for a cell to be infected during 200 the 2 nd infection after it had already been infected during the 1 st one (I2 | I1), divided by the 201 conditional probability for a cell to be infected during the 2 nd infection when it had not been 202 previously infected (I2 | noI1) (described in details in Materials and Methods). We also 203 analyzed the changes of the vulnerability score in time comparing cells subjected to 204 sequential infections with 1, 2 and 3 h delays ( Fig.2B and Fig.S2 for detailed representation 205 of the conditional probability for each replicate). Surprisingly, the vulnerability score appeared 206 un-altered. We obtained similar results when reversing the order of the tested pathogens, 207 infecting first with SLdsRed and then with SLGFP (Fig.S3) . It was not possible to shorten the 208 delay between infections to less than 1 h due to the ruffle influence, and we could not extend 209 it beyond 3 h due to potential release of hyper-replicative (HR) bacteria from the first infection 210 into the extracellular medium that could then re-infect new cells during the 2 nd wave of 211 infection. Altogether, these results showed that, after ruffle disappearance, the infected cells 212 remain more vulnerable to a new infection than the non-infected ones, and this vulnerability 213 is stable in time. bacteria increases. Overall, we were able to distinguish three groups of infected cells: the 226 ones containing one to two intracellular bacteria (35% of the global population), the ones 227 containing three to eight intracellular bacteria (39% of the global population) and the ones 228 containing more than nine intracellular bacteria (26% of the global population), corresponding 229 respectively to low, medium and high infections (Fig.3A) . 230
231
We compared the vulnerability score of these three infection groups during sequential double 232 infections (Fig.3B ). This analysis revealed that the more bacteria had entered in a given host 233 cell during the first infection, the more it was likely that this cell became re-infected. Such 234 tendencies still emerged when the bacteria were not grouped, but analyzed individually, 235 underlining the robustness of this result (Fig.S4) . 236 237 Then, we investigated how the level of bacterial uptake during the second infection depends 238 on the number of intracellular bacteria of the first infection. For this we quantified the 239 probability for a cell to be highly infected during the second infection as a function of the 240 efficiency of the first uptake (Fig.3C ). We found that the more intracellular bacteria had been 241 internalized during the first infection, the more likely the host cells were to engulf a high 242 amount of new bacteria during the second infection. Therefore, we propose that cell 243 vulnerability is maintained from the first to the second infection. 244
245
Cell vulnerability as intrinsic or induced property 246 247
The results from the sequential infections ( Fig.2 and Fig.3 ) provided quantitative scores of 248 cell vulnerability towards Salmonella infection. We secondly investigated the origin of the 249 observed cell vulnerability. Two possibilities can be anticipated: (i) the cellular vulnerability 250 would be an intrinsic host cell attribute (hypothesis 1: "intrinsic vulnerability") or (ii) it would 251 be induced by bacterial uptake (hypothesis 2: "induced vulnerability") ( attribute, the probability of infection P(I2 | noI1) would be lower than P(I2Ctr) as the pool of 256 vulnerable cells would have already been partially consumed during the 1 st sequential 257 infection, whereas it would remain conserved in the control (Fig.4B-left) . In the case of 258 induced vulnerability, the probability of infection P(I2 | noI1) would be similar to P(I2Ctr), as the 259 cells would be considered with equivalent vulnerabilities before their first infection ( (Fig.5A) . We extracted all these elements using Icy, an image analysis software (18) 278 being recently used for Salmonella infection studies in situ (19) (see To quantify the direct involvement of each studied parameter on the overall cell vulnerability 297 we developed a statistic modeling approach adapted to our high-throughput microscopy 298 dataset on sequential Salmonella infection. This model is based on a logistic regression that 299 is able to predict the infection efficiency at a single cell level from cellular parameters. We 300 measured the contribution of each parameter to the prediction by estimating how well the 301 model predicts compared to a model that would ignore one parameter; as described in 302
Materials and Methods (Fig.5B) . Taken separately, the load of intracellular bacteria resulting 303 from I1 directly improved the prediction of cell vulnerability towards subsequent infection 304 (Fig.5B) . Thus, host cell vulnerability is induced by bacterial uptake, which is in line with our 305 experimental data. In addition, the host cell parameters linked to cell morphology and local 306 environment also significantly improved the model prediction of infection for HeLa and for 307
Caco-2 cells (see Table. S1 and Table. 
S2 for model details and the value of the coefficients). 308
Together, our modeling approach revealed that single host cell vulnerability to Salmonella 309 infection is a combination of intrinsic and bacterial-induced vulnerability. 310
We quantified their relative involvement by calculating the model-based fold change in the 311 probability of infection of a cell not infected and having a low score of inherent vulnerability 312 with a cell infected and/or having a high score of inherent vulnerability (Fig.5C ). This showed 313 that induced and intrinsic vulnerability have both a strong impact on the overall cell 314 vulnerability. Interestingly, the induced vulnerability is more prevalent for Salmonella infection 315 of HeLa cells (2.2 fold-increase) than infection of Caco-2 cells (1.3 fold-increase), whereas 316 the inherent vulnerability plays a more prominent role for Caco-2 cell infections (2,6 fold-317 increase) than for HeLa cells (1.6 fold-increase). From these findings we conclude that the 318 analyzed host cell parameters are differentially involved in relation to cell vulnerability 319 towards Salmonella infection depending on the cell type. In particular, the local cell density 320 increases the cell vulnerability for HeLa cells but reduces it for Caco-2 cells (Fig.5D ). This 321 could be explained by the polarization of the Caco-2 at high confluence and highlights the 322 specificity of each predicted model for a given cell-type. 323
We also investigated whether the first infection affects the inherent host cell parameters, we 324 compared the correlation between parameters that were identified as being either involved or 325 not involved in the inherent vulnerability of the cell (Fig.S8) . As their correlations were similar 326 in infected and non-infected cells we concluded that Salmonella infection did not impact the 327 implication of the studied inherent cell parameters. 328
329
Reliability of the model-based prediction of infection 330
To investigate the spatial distribution of the cell vulnerability among the cell population, we 331 generated "vulnerability maps" from the original images of the cell population after labeling 332 on November 7, 2017 by INSTITUT PASTEUR-CeRIS http://iai.asm.org/ Downloaded from each cell nucleus with a color corresponding to its probability of infection (Fig.6A) . Notably, 333
we could confirm that on average the infected cells were properly assigned with a higher 334 prediction score to be infected than the non-infected ones (see Fig.S9 for quantification) . 335 Based on our vulnerability maps, the predicted infected cells showed a very good overlap or 336 were in close vicinity with the experimentally infected cells (Fig.6A) . This illustrates the 337 reliability of our approach in a qualitative way, and it also underlines the impact of local 338 micro-environment on cell vulnerability. We went on to quantify the veracity of the HeLa and 339
Caco-2 adapted models when confronted with 100 experimentally measured infected and 340 100 experimentally measured non-infected cells. For both cell-types, models allowed a good 341 prediction in the majority of the cases, 62% for HeLa and 66% for Caco-2, respectively 342 (Fig.6B) . Taken together, these results attest that the probability of Salmonella infection 343 success can be forecast at the near single-cell level based on host cell parameters. 344
345
Involvement of cellular cholesterol level as an inherent vulnerability factor 346
To investigate the molecular players that are linked to the inherent cell vulnerability towards 347
Salmonella infection, we analyzed the plasma membrane composition as a main feature 348 known to be relevant to Salmonella infection. We focused on cholesterol as the cells at low 349 crowding present a higher amount of free cholesterol than the cells at high crowding (15). We and analysis (Fig.7) . For each experiment, we binned the total cell population into five 357 subpopulations corresponding to the increasing cellular levels of cholesterol that we 358 classified as 1 to 5, with each subpopulation containing 20% of the total cells (see Fig.S10  359 
for FACS gating details). Comparing the number of infected cells in these different 360
subpopulations with different amounts of cholesterol in HeLa (Fig.7A ) and Caco-2 (Fig.7B ) 361 cells, we revealed that the probability of infection correlates in both cases with the cholesterol 362 levels. Increasing the cholesterol level corresponds to a decrease of the probability of 363 Salmonella infection in HeLa cells (Fig.7A) , however it also corresponds to an increase of 364 the infection in Caco-2 cells (Fig.7B) . Thus, similarly to the cell density, the cholesterol level 365 is a host cell parameter allowing to estimate the cell vulnerability towards Salmonella 366 infection in a cell-type dependent manner. According to our results, infected cells display a strikingly higher probability of being re-380 infected with Salmonella, even after the disappearance of membrane ruffles. We obtained 381 similar results in two relevant epithelial cell lines, HeLa and Caco-2, suggesting that this 382 represents a conserved propensity towards Salmonella infection. The measured cellular 383 vulnerability remained unaltered for all measured time-points ranging from a delay of 1 h to 3 384 h between the infections. Attributing a "vulnerability score" to the challenged cells, we 385
showed a higher vulnerability score in cells that had been previously infected, and we found 386 that this score increased with the amount of intracellular bacteria contained by a given cell. 387
This result raises the issue of the bacterial impact on the cell vulnerability. Therefore, we 388 aimed at distinguishing inherent cell vulnerability from the one induced by bacterial uptake 389 (Fig.4A, hypothesis 1 and 2 respectively) where aLOI (resp. aDelay) has a different value for each of the LOI categories (resp. Delay 593 categories), and a1,...,a5 are constants. All parameters were learned by maximizing the 594 likelihood of the model, e.g. the probability of the observed data as measured by the 595 model. We used 115 000 and 327 000 cells to train and test the model for HeLa and Caco-2 596 cells respectively. We divided the cell population into two random sets; the training set 597 (9/10 th of the cells per replicate) and testing set (1/10 th of the cells) and computed the 598 likelihood of infection observed in the testing set. The higher the likelihood, the better the 599 parameters of the model predicted infection. We repeated this procedure 100 times. To 600 measure the improvement of infection prediction by taking into account each parameter, the 601 likelihood of the complete model was compared (on a log scale) with the likelihood of seven 602 models ignoring each time one parameter. This difference of log-likelihood is reported 603
in Fig.5B . 604
Quantification of the impact of a parameter towards cell vulnerability was obtained by 605 applying our statistical model to the 1 st and the 3 rd quantile values of a given parameter, while 606 other parameters were kept equal at their median values. We obtained the probabilities of 607 the second infection for these two sets and reported their ratio. In Fig.5D , the arrows "" and 608 "" correspond to a ratio above and under 1 respectively. The parameters-values 609 corresponding to a low inherent vulnerability of HeLa and Caco-2 cells were the following: 610 local cell density (1 st quantile and 3 rd quantile respectively), cell perimeter (1 st quantile), 611 infected neighboring cells (median), non-infected neighboring cells (median), circularity 612 (median and 3 rd quantile respectively). The parameters-values corresponding to a high 613 inherent vulnerability of HeLa and Caco-2 cells were the following: local cell density (3 rd 614 quantile and 1 st quantile respectively), cell perimeter (3 rd quantile), infected neighboring cells 615 (median), non-infected neighboring cells (median), circularity (median and 1 st quantile 616 respectively). 617 Models reliability was evaluated using 100 infected and 100 non-infected cells and 618 quantifying the amount of "good predictions" among those cells. We repeated this procedure 619 100 times and showed the average. As a comparison, a random model would provide 620 approximately 50% of "good predictions". 621
622
Statistical analysis 623
The statistical analysis was performed using R and GraphPad Prism. T-tests were used to 624 evaluate the significance of the results, referred like *, **, *** for p-values <0.05, <0.01, and 625 <0.001, respectively. 
